A simple and rapid flow injection spectrophotometric procedure was developed for determination of manganese. In the presence of pyrophosphate and acetate, manganese was immediately oxidized to permanganate by periodate at room temperature in slightly alkaline medium. Under optimized conditions, the determination was made with a sampling rate of 120/h, a linear range of 0-30 mg/L Mn(II), a detection limit (S/N = 3) of 0.08 mg/L, and a relative standard deviation of 0.6% (n = 11) at 10 mg/L Mn(II). The proposed method was used to determine manganese in trace mineral premixes and feedstuffs. Results agreed well with those obtained by the standard atomic absorption spectroscopy method.
S
pectrophotometric methods for determination of manganese were comprehensively and critically reviewed by Chiswell et al. (1) ; some were exploited in flow injection (FI) analysis. The major FI spectrophotometric procedures are permanganate, formaldoxime, and manganese-catalyzed methods. Because of its high sensitivity and rapid formation of a stable colored complex, the formaldoxime method had been used for FI determination of Mn in plant digests (2) , ores, and rocks (3) . Although FI spectrophotometric methods based on manganese-catalyzed reactions (4-7) had better sensitivity, they had some drawbacks such as relatively long reaction time and unsatisfactory selectivity. The manual method based on oxidation of manganese to permanganate with detection at an absorbance of about 525 nm has long been used as a standard method for manganese determination. It is very selective and suitable for determinations in the mg/L range (1) .
The oxidizing rate of manganese to permanganate is influenced by the reaction medium. Lazareva et al. (8) reported that the mechanism of Mn(II) oxidization by IO 4 -in the presence of H 2 P 2 O 7 2-involves the formation of Mn(H 2 P 2 O 7 ) 2 ·2H 2 O as an intermediate. At pH 7.1-7.6 and at room temperature, the conversion of manganese to permanganate can be completed in 2 min. Zhang and Cao (9) reported that in the process of oxidizing Mn(II) to Mn(VII), there are 2 intermediate products: Mn(III) and Mn(IV). Mn(IV) is kinetically inert, which results in low reaction rate, and heating is needed to completely oxidize Mn(II) to Mn(VII) in acidic medium. But in the presence of complexing agent and in slightly alkaline medium (pH 7.0-7.8), Mn(II) can be oxidized to Mn(VII) immediately at room temperature.
Because the reaction is slow in acidic medium at room temperature, a long reaction time is required to attain chemical equilibrium. When periodate was used as the oxidizing agent causing soluble manganese compounds to form permanganate in acidic medium, 10 min of heating was needed for boiling. To obtain complete oxidation of small amounts manganese (10 µg or less), silver nitrate was added and the heating time increased to 1 h (10). Mesquita et al. (11) reported an FI method based on permanganate formation in acidic medium for determination of manganese in soil extracts, plant digests, and rocks. By using high temperature (95°C), which is inconvenient in FI analysis, and with permanganate introduced into the system as catalyst, the procedure had a detection limit of 0.3 mg/L and a sampling rate of 60/h. Recently, Smiderle et al. (12) proposed a flow system to determine manganese in soybean digests based on permanganate formation in acidic medium. Because the reaction is slow, determination was carried out at 47°C, and binary sampling and monosegmented flow implemented by multicommutation techniques were used to obtain a sampling rate of 50/h and a detection limit of 1.2 mg/L.
Based on the quick oxidizing mechanism in the presence of complexing agent and in slightly alkaline medium, simple and rapid manual spetrophotometric procedures were developed to determine manganese in steel (8, 9) and potable water (13) . In these procedures, pyrophosphate and acetate were used as complexing agent and buffer substance, respectively.
In our previous study (14) , an FI spectrophotometric method was proposed for determination of copper, iron, man-ganese, and zinc in animal feeds using a common manifold. Manganese was determined based on the formaldoxime method, which had high sensitivity but relatively low tolerance to some interferents such as Fe(III) and Co(II). In the present study, a simple and rapid FI spectrophotometric procedure for determining manganese was developed. It is based on the mechanism of quick formation of permanganate in slightly alkaline medium using pyrophosphate and acetate as complexing agent and buffer substance, respectively. This proposed FI procedure has higher selectivity but lower sensitivity than the formaldoxime method. Thus, a large sample injection volume was adopted.
Experimental

Reagents
All chemicals were of analytical grade and distilled water was used throughout.
(a) Stock manganese standard solution.-1000 mg/L Mn in 0.18M H 2 SO 4 was prepared by dissolving 3.0761 g manganese sulfate monohydrate (MnSO 4 ·H 2 O) in 200 mL water, to which was added 10 mL concentrated sulfuric acid. The solution was diluted to 1000 mL with water. Working solutions were obtained by appropriately diluting the stock solution with 0.18M H 2 SO 4 .
(b) Carrier solution.-0.18M H 2 SO 4 was prepared by dissolving 10 mL sulfuric acid in 1000 mL water.
(c) Reagent solution.-8.0 g Potassium pyrophosphate (K 4 P 2 O 7 ·3H 2 O) and 4.0 g sodium acetate (NaOAc·3H 2 O) were dissolved in about 50 mL water by heating, and 0.3 g potassium periodate was heated to dissolve in about 20 mL water. These 2 solutions were mixed together, and 3.6 mL 10M NaOH was added. After cooling, the mixing solution was diluted to 100 mL with water, and this solution was stored in a polyethylene bottle.
Apparatus
The FI manifold for the determination of manganese is shown in Figure 1 . Solutions were pumped with a homemade peristaltic pump, and samples were injected with a 16-way injection valve. A Model 721 spectrophotometer (Shanghai Third Analytical Instruments Factory, Shanghai, China) equipped with a self-made Z-shaped 10 mm flow cell (18 µL) was used as detector. Flow lines were made from 0.8 mm PTFE tube, and Tygon pumping tubes were used throughout. A 586 computer installed with homemade software was used to control operation of the pump and injection valve to acquire absorbance data from the detector and process the data.
Preparation of Samples
To an accurately weighed (2.5 g) portion of sample, which was ground through a 0.5 mm screen using a mill and placed in a 250 mL Kjeldahl flask, were added 40 mL nitric acid, 2.0 mL perchloric acid, and 0.5 mL sulfuric acid. The solution was left overnight and heated gently the next morning until frothing ceased. It was then boiled briskly until white mists were produced, leaving about 0.5 mL residual solution. After cooling, 20 mL water was added. The solution was heated gently, kept boiling for about 5 min, filtered, and transferred to 50 mL volumetric flask. Aliquots were diluted with 0.18M H 2 SO 4 as necessary.
For trace mineral premixes (semifinished products with high contents of trace mineral elements used to produce feeds) without organic chelate, samples were prepared with an extracting method (15) . To an accurately weighed (0.2-1.0 g) portion of sample placed in a 250 mL flask were added 10 mL 3.6M HCl and about 50 mL water. The solution was heated and boiled for about 5 min, filtered into a 100 mL volumetric flask, and diluted to volume with water. Aliquots were diluted with 0.36M HCl as necessary.
Results and Discussion
Optimization of Manifold Figure 1 shows the optimized manifold in this study. FI parameters such as injection volume and reaction coil length were optimized using the univariant method; optimal values are shown in Figure 1 . Equal flow rate of carrier (C) and reagent (R) was adopted for better system stability during routine analysis.
Optimization of Chemical Parameters
Using the above optimized manifold, the effects of chemical parameters such as reagent concentration, acidity of samples, and temperature were studied by the univariant method. The effect of periodate concentration was studied by detecting peak heights of 30 mg/L Mn(II) in 0.15M H 2 SO 4 under 3% (m/v) pyrophosphate (K 4 P 2 O 7 ·3H 2 O) and 2%(m/v) acetate (NaOAc·3H 2 O). Results showed that the peak heights increased with increasing of KIO 4 concentration in the range of 0.05-0.25% (m/v); then remained unchanged to 0.4% (m/v). Higher concentration of KIO 4 was not studied because precipitation was produced when it was mixed with acetate and pyrophosphate solutions. Consequently, 0.3% (m/v) KIO 4 was adopted in this study.
The influence of variations of potassium pyrophosphate and acetate concentration were investigated by detecting peak heights of 10 mg/L Mn(II) in 0.15M H 2 SO 4 under 4.0% (m/v) acetate (NaOAc·3H 2 O) and 1.5% (m/v) pyrophosphate (K 4 P 2 O 7 ·3H 2 O), respectively. Results shown in Figure 2 indicate that method sensitivity was not significantly influenced by pyrophosphate (K 4 P 2 O 7 ·3H 2 O) and sodium acetate (NaOAc·3H 2 O) if their concentrations were >1.5% (m/v) and 2.5% (m/v), respectively.
Because pyrophosphate and acetate functioned as buffer substances in this method, we investigated their ability to buffer the effect of variation of sample acidity (sulfuric acid concentration in sample solution) to optimize their concentrations.
Peak height variation of 10 mg/L Mn(II) in 0.1-0.18M H 2 SO 4 ( Figure 3) indicates that sample acidity significantly influenced the determination when 1.5% (m/v) pyrophosphate (K 4 P 2 O 7 ·3H 2 O) and 2.5% (m/v) acetate (NaOAc·3H 2 O) were adopted. As a buffer solution, higher concentrations of pyrophosphate and acetate should help to decrease the influence of sample acidity on determination. Therefore, series solutions of different pyrophosphate and acetate concentrations were tried (Figure 3) . Results indicated that sample acidity had the least effect on peak heights when 8.0% (m/v) K 4 P 2 O 7 ·3H 2 O and 4.0% NaOAc·3H 2 O were used. Under this concentration the peak height of 10 mg/L Mn(II) in 0.14M H 2 SO 4 is about 95% of that in 0.18M H 2 SO 4 , which means that the proposed method could suffer sample acidity variation in the range of 0.14-0.18M. This range is satisfactory as the acidity variation in sample digests is generally <6%. Thus the adopted pyrophosphate and acetate were 8.0 and 4.0%, respectively, and the adopted sample acidity was 0.18M H 2 SO 4 .
The effect of temperature was studied by immersing the reaction coil in a small water bath filled with recycled water supplied by a thermostat setting at different temperatures. Results showed that the determination was temperature-independent in the range of 20-50°C. Further study showed that by stopping the peristaltic pump when the flow cell was filled with the sample zone, peak height did not vary at room temperature, indicating that chemical equilibrium was reached. 
Calibration and Limit of Determination
Applications
The developed method was used to determine manganese in trace mineral premixes and feedstuffs. The potential interference of major coexisting substances in trace mineral premixes and feedstuffs was studied. As expected, the proposed FI procedure was very selective because of the high selectivity of the permanganate method. Interference came mainly from large amounts of reducing substance and background absorption from sample matrixes. For sample solutions prepared with the digestion method, no interference was observed. For trace mineral premixes sample solutions extracted with HCl, iron presented as Fe(II). Thus the potential interference might be Fe(II) and HCl. Experiments showed that at least 200 mg/L Fe(II) and 0.5M Cl -did not interfere with the determination of 10 mg/L Mn(II). As the Fe content in trace mineral premix is general lower than 20 times the Mn content, and 0.36M HCl was adopted in this study, Fe and HCl did not interfere with the manganese determination in feedstuffs.
Eleven samples of trace mineral premixes and feedstuffs were analyzed by the proposed procedure. Manganese results determined by the sample presented with the standard atomic absorption spectroscopy (AAS) method (15) was adopted as reference. Table 1 shows that close results were obtained by these 2 methods. Paired t-test shows that t = 1.07 < t 0.05 (10) = 2.23, which indicates no significant difference between these 2 methods. Table 1 also shows that about +12% relative errors were obtained when these 2 feedstuff samples were analyzed. Although the reason is not clear, it may be because the low concentration of manganese in feedstuff resulted in a relatively high relative error between the methodss. The relative deviation between the proposed method and the referential method was <7%, thus fulfilling the relative deviation requirement (#15% for 2 parallel determinations of a sample) in the China national standard method (15) . The proposed FI spectrophotometric method, therefore, is applicable for determination of manganese in trace mineral premixes and feedstuffs.
Conclusion
Based on the rapid formation of permanganate, an FI spectrophotometric method was developed for determination of manganese. Instead of oxidization in acidic medium which requires a relatively high temperature and long reaction time, manganese was immediately oxidized to permanganate in slightly alkaline medium at room temperature in this proposed procedure. Compared to the existing FI spectrophotometric method, this proposed method has some advantages, such as simple flow system, high sample frequency (120/h), and low detection limit (0.08 mg/L Mn(II)). The method was used to determine manganese in trace mineral premixes and feedstuffs. Results agreed well with those obtained by AAS method. 
